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Abstract 
Catalysts typically lose effectiveness during operation, with much effort invested in stabilising 
active metal centres to prolong their functional lifetime for as long as possible. In this study 
palladium nanoparticles (PdNP) supported inside hollow graphitised carbon nanofibers (GNF), 
designated as PdNP@GNF, buck this trend. PdNP@GNF exhibits continuously increasing 
activity over 30000 reaction cycles when used as an electrocatalyst in the hydrogen evolution 
reaction (HER). The activity of PdNP@GNF, expressed as the exchange current density, is 
always higher than activated carbon (Pd/C), and after 10000 cycles PdNP@GNF surpasses the 
activity of platinum on carbon (Pt/C). The extraordinary durability and self-improving 
behaviour of PdNP@GNF is solely related the unique nature of the location of the palladium 
nanoparticles, i.e., at the graphitic step-edges within the GNF. Transmission electron 
microscopy imaging combined with spectroscopic analysis reveals an orchestrated series of 


















of the curved graphitic surfaces open up to form a stack of graphene layers bonding directly 
with Pd atoms through Pd-C bonds. This results in the active metal centres become effectively 
hardwired into the electrically conducting nanoreactors (GNF), enabling facile charge transport 
to/from the catalytic centres resulting in the dramatic self-improving characteristics of the 
electrocatalyst. 
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Palladium nanoparticles confined inside hollow graphitised carbon nanofibers exhibit a 
remarkable increasing activity over 30000 reaction cycles when used as electrocatalyst in the 
hydrogen evolution reaction surpassing the activity of platinum on carbon. During operation, 
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transport to/from the catalytic centres resulting in the dramatic self-improving characteristics 

























In the last two decades there has been an increasing demand for clean and renewable energy 
sources as alternatives to fossil fuels.1-4 For instance, the water-splitting reaction, which consists 
of the hydrogen and oxygen evolution half-reactions (HER and OER, respectively), has 
attracted a great deal of attention as a sustainable source of hydrogen (H2).5-7 Hydrogen gas has 
been identified as a key energy carrier that can be used to produce clean electricity in fuel cells, 
where the hydrogen oxidation and oxygen reduction reactions (HOR and ORR, respectively) 
convert chemical energy into electrical energy.7-8 Furthermore, driving the HER with renewable 
sources of energy can lead to a sustainable source of hydrogen fuel that can be used in a zero-
emission fuel cell. The hydrogen evolution reaction (2H+ + 2e− → H2) - the cathodic reaction 
in electrochemical water splitting, is a classic example of a two-electron transfer reaction with 
one catalytic intermediate, H* (where * indicates a site on the electrode surface) and may occur 
through either the Volmer-Heyrovsky or the Volmer-Tafel mechanism: 
                                                 Volmer step: H+ + e– + * → H*                               Equation (1) 
                                            Heyrovsky step: H* + H+ + e– → H2 + *                      Equation (2) 
                                                    Tafel step: 2H* → H2 + 2*                                   Equation (3) 
Achieving high energy efficiency for water splitting requires the use of a catalyst to minimize 
the overpotential necessary to drive the HER. Platinum (Pt)-based catalysts are historically the 
best-performing materials in the HER, owing to the negligible overpotential required to achieve 


















the limited reusability of such materials have stimulated exploration of alternatives to Pt-based 
electrocatalysts.11-18 Among those alternatives, transition metal-based materials have received 
significant attention due to their high abundance and low price, however, their much higher 
overpotentials make them less effective electrocatalysts for HER. For example, Pd is more 
abundant than Pt and exhibits higher electrocatalytic activity and stability than other transition 
metal-based materials and their alloys. As the use of platinum group metals in the catalytic 
converters of gasoline engines will soon be obsolete due to the arrival of electric cars, using Pd 
as an electrocatalyst could become a viable way forward. Recently, different synthetic strategies 
have been explored to design cost-effective Pd-based electrocatalysts aiming to increase the 
number of active sites and/or their intrinsic activity, including nanostructuring, bimetallic 
alloying and dispersion on carbon.17-21 For example, modification of Pd with MoS2 (Pd-MoS2) 
lead to an improvement in HER activity, and an increase in the number of active sites. The 
electron transfer also increased after supporting Pd-MoS2 on multiwalled carbon nanotubes 
(MWNT). These studies demonstrate an excellent HER activity for Pd-MoS2/MWNT compared 
to that observed for free standing Pd-MoS2 and MoS2/MWNT, as well as notable stability in 
acid media after 500 potential cycles.18  
 
One of the major drawbacks of carbon-supported catalysts has been their low durability as 
defect groups can be introduced by applying electrochemical potentials under strongly acidic 
conditions.19 Highly graphitized carbon materials such as carbon nanotubes have been put 
forward due to their unique corrosion resistance. However, the chemical inertness of the basal 
plane of a MWNT results in poor dispersion and easy agglomeration of metallic nanoparticles 
during potential cycling, leading to a rapid decrease of the electrochemically active surface area 
that detrimentally affects the catalyst activity and durability. Recently, graphitic carbon nitride 


















active binding sites (triazine units) for the dispersion of metal nanoparticles, signifying an 
important step forward in the improvement of the activity and durability of PdNP supported on 
carbon nitride graphene.22-29  
Recently, we have developed an alternative strategy for controlling the activity and durability 
of electrocatalysts by nanoscale confinement of active binding sites to restrict metal particle 
migration and coalescence.30 For example, graphitised carbon nanofibers (GNF) have been 
effectively utilised as electrocatalytic nanoreactors with their internal step-edges, consisting of 
rolled-up graphitic sheets, acting as effective anchoring points for electrocatalytic nanoparticles 
and stabilising them during electrochemical cycling.30-33 The electrocatalytic stability of PtNP 
supported at the internal step-edges of GNF was shown to remain at 80% even after 50000 
cycles of the oxygen reduction reaction, significantly outperforming other electrocatalysts, 
including a commercial Pt/C material studied under the same experimental conditions (0.1M 
HClO4, 10 mV/s, RT) at the time of the publication.33 
 
In this study, we report the electrochemical performance of Pd nanoparticles at the graphitic 
step-edges of PdNP@GNF electrocatalytic nanoreactors in the hydrogen evolution reaction. 
The novel catalyst outperforms Pd/C and exhibits a remarkable self-improving behaviour, 
becoming more effective with increasing numbers of cycles, eventually surpassing the 
performance of Pt electrocatalyst analogues. In contrast to previous studies, we demonstrate 
here that this behaviour is directly linked to interactions between the palladium nanoparticles 
and the graphitic step-edges within the GNF, where a reaction between the metal and the carbon 
is initiated during HER cycling, triggering to the hardwired of PdNP into the graphitic lattice 
of the GNF. The resultant change in structure is observed to have a significant impact on both 




















2. RESULTS AND DISCUSSION 
Preparation and characterisation of PdNP@GNF hybrid electrocatalyst  
In order to reduce the length dependence on the mass transport resistance in the HER (Figure 
1), GNF were shortened by mechanical ball milling prior to the growth of PdNP, which in turn, 
also allowed improved film formation on the electrode. Statistical analysis performed of 
HRTEM images confirmed a significant reduction of the mean GNF length from  ̴ 0.5-60 μm 
to 880 ± 600 nm by ball milling (Figure 1), while maintaining the integrity of the folded 
step-edges of the graphitic planes in their cavities. The PdNP@GNF hybrid was prepared by 
immersing GNF into a chloroform solution of Pd2dba3 
tris(dibenzylideneacetone)dipalladium(0), which triggered a spontaneous growth of PdNP 
mainly at the graphitic step-edges, inside the GNF (see Methods).34 The resultant material was 
imaged by HRTEM confirming the formation of well-distributed PdNP with an average 
diameter of 4.37 ± 1.03 nm, with more than a 80% of the PdNP located in the interiors of the 



















Figure 1 | Structural characterisation of shortened GNF. (a-c) HRTEM images of GNF with 
a high-magnification view in (c) showing the closed loops of the graphitic step-edge with a 
height of c.a. 3 nm. (d) GNF length distribution measured by HRTEM (more than 80 
measurements) and (e) energy-dispersive X-ray spectroscopy (EDX) of GNF after ball milling 























Figure 2 | Design and characterisation of PdNP@GNF hybrid electrocatalyst. (a) HRTEM 
image of PdNP@GNF demonstrating most of the PdNP being encapsulated in the GNF cavities 
(red arrows), with a minority of PdNP adsorbed on the GNF exteriors (yellow arrows). (b) Size 
distribution of the PdNP inside and outside the GNF (obtained by measuring more than 80 PdNP 
in the HRTEM images). (c) Powder XRD patterns of PdNP@GNF, Pd metal reference35 and 
empty GNF. (d) TGA measurements in air of PdNP@GNF (blue) and GNF (green) with 14.1 % 
± 0.05 and ~0.5 % residual material by weight, respectively. (e) Wide scan XPS spectra of GNF 
and PdNP@GNF with high resolution XPS spectra of PdNP@GNF in the Pd 3d regions. Charge 



















 HRTEM also confirmed the metallic nature of the PdNP in PdNP@GNF with the spacing of 
the lattice fringes (0.22 nm) corresponding to the (111) planes of the face-centred cubic packing 
of Pd metal (Supplementary Figure 1b), in agreement with the diffraction peak centred at 
39.5° (2q) in the powder X-ray diffraction (XRD) measurements (Figure 2c). Comparison of 
the powder XRD for PdNP@GNF with GNF and a Pd reference further confirm the presence 
of metallic Pd in the hybrid PdNP@GNF material (Figure 2c). 35 The small size of the PdNP 
results in the broadening of the XRD peaks as expected with an average size of 3.94 ± 0.51 nm 
using the Debye Scherrer equation, which is in agreement with the value obtained from 
HRTEM measurements. 
The Pd loading in the hybrid material PdNP@GNF was quantified using thermogravimetric 
analysis (TGA) and shown to be 14.10 ± 0.05 wt.%, by measuring the residual weight at 
1000 °C in air (Figure 2d and Supplementary Table 1). TGA studies of PdNP@GNF showed 
that there was a small weight loss (~ 2%) at ~ 200 °C, which could be due to the presence of a 
small amount of residual dibenzylideneacetone (dba) ligand left adsorbed in the sample (see 
Methods). A significant decrease in the oxidation temperature of the GNF, from  ̴ 680 °C to 
550 °C, was also observed due to the presence of Pd (Figure 2d).  
To further confirm the chemical nature of the adsorbed PdNP and evaluate the surface 
composition of PdNP@GNF, X-ray photoelectron spectroscopy (XPS) measurements of the 
hybrid material were carried out by mounting on a Si substrate and compared with empty 
GNF, as received and shortened (Figure 2e and Supplementary Figure 2). A very narrow 
asymmetric C 1s peak at 284.5 eV was observed with minimal C-O bonding for shortened 
empty GNF, which was negligible (Supplementary Table 2) and in agreement with the C/O 
atomic ratio (%) observed in energy dispersive X-ray (EDX) spectroscopy (Figure 1d).36 For 
the PdNP@GNF sample an oxygen bonded C 1s peak appears at ~284.4 eV, and another one 


















to metallic palladium.36 The O 1s peak that overlaps with the Pd 3p peak at 532 eV, from which 
the oxygen content was quantified by subtracting the overlapping Pd 3p peak (Supplementary 
Table 2). 
Electrocatalysis of the hydrogen evolution reaction in PdNP@GNF nanoreactors 
Prior to HER measurements, the PdNP@GNF electrode was prepared via dispersion of a 
PdNP@GNF suspension in hexane using sonication, followed by deposition onto a glassy 
carbon electrode (GCE) by drop casting (see Methods). A three-electrode cell was used for the 
electrochemical measurements where PdNP@GNF, a carbon rod and a reversible hydrogen 
electrode (RHE) were used as working, counter and reference electrode, respectively. 
Commercially available Pd/C (20 wt%) and Pt/C (20 wt%) were selected here as benchmark 
catalysts towards the HER in which either the PdNP (4.48 ± 0.7 nm) or PtNP (3.07 ± 0.6 nm) 
are adsorbed on the surface of amorphous carbon and carbon black, respectively, as confirmed 
by HRTEM images (Supplementary Figure 3). Both commercial catalysts showed very 
similar or slightly smaller average particle sizes (in the case of Pt/C), compared to the PdNP in 
the PdNP@GNF material (Supplementary Table 1). The electrochemical activity of each 
catalyst was investigated in HER using linear sweep voltammetry (LSV) measurements 
between 0.2 and -0.9 V vs the RHE at a sweep rate of 10 mV/s in a hydrogen saturated 0.1 M 
perchloric acid solution at room temperature (see Methods). Polarization curves were obtained 
by plotting the current density (j) vs the potential, where the current density was normalised by 
dividing the current (i) by the geometric surface area of the glassy carbon electrode and the 





















Figure 3 | Electrochemical characterisation of PdNP@GNF before and after stability tests 
in the HER using a carbon rod counter electrode. (a) Comparison of the ohmic drop 
corrected HER polarisation curves and (b) Tafel plots for the PdNP@GNF electrocatalyst with 
the commercial benchmarks (Pd/C and Pt/C) before (solid lines) and after (dashed lines) 5000 
potential cycles of the HER. The small ripples observed in the polarization curves are due to 
the accumulation of hydrogen bubbles over time on the surface of the electrode. (c) HER 


















after 5000, 10000 and 30000 potential cycles. (e-f) HRTEM images of PdNP@GNF after 30000 
HER potential cycles. (f) PdNP bonded to the opened step-edges (highlighted with blue arrows) 
and observed d-spacing values between the crystallographic planes for the PdNP (black arrows) 
(0.22 nm) and graphene layers (yellow arrows) of the GNF (0.34 nm), corresponding to Pd 
(111) and C (002) planes, respectively. (g) Particle size distributions of PdNP located at the 
step-edges (PdNP@GNF) and on the outer surface of the GNF (PdNP/GNF) (measured for 
more than 80 PdNP per sample), and (h) EDX analysis of PdNP@GNF (Cu peaks are due to 
the material of TEM sample holder). 
 
Compared to other materials Pt/C displayed the smallest onset potential, very close to 0 mV, in 
agreement with previous reports.22,24,37 In contrast, PdNP@GNF and commercial Pd/C 
exhibited more negative onset potentials with similar characteristic polarization curves where 
two distinct potential ranges can be observed – first between 30 mV and -60 mV due to 
electrochemical hydrogen adsorption and desorption, and the second below -60 mV due to 
hydrogen evolution (Figure 3a), consistent with the literature.22,37 The nature of the carbon 
support appears to have a significant impact on the electrocatalytic performance of the 
palladium, as PdNP@GNF displays a slightly less negative onset potential of about -56 mV 
compared to Pd/C (-62 mV), suggesting that the fast electron transport expected for such 
graphitized nanocarbon structure may be beneficial for electrocatalytic performance. 
Furthermore, applying the potential required to achieve a current density of -10 mA/cm2, often 
used as a benchmark to compare the electrocatalytic activity of different materials,38-41 resulted 
in the following trend Pt/C (47 mV) < Pd/C (76 mV) < PdNP@GNF (221 mV) for our 
electrocatalysts in their initial states (Figure 3a, Supplementary Figure 4, Supplementary 
Figure 5 and Supplementary Table 3). 
When Pt is used as the electrocatalyst, the Tafel slopes for the Volmer, Heyrovsky, or Tafel 
steps in acidic electrolytes take values close to 120, 40, or 30 mV/dec for the rate-determining 
step. 42-48 In our work, Pt/C exhibited the best catalytic activity with a Tafel slope of nearly 29 
mV/dec, for Pd/C the Tafel slope was only slightly higher (34 mV/dec), whereas for 


















Pt/C and Pd/C the Volmer-Tafel mechanism is the dominant process during the HER showing 
extremely rapid reaction kinetics (as the recombination of Hads is the rate-determining step), in 
PdNP@GNF the Heyrowsky step is the rate determining step at low overpotential regions (< 
50 mV) as the Volmer-Heyrowsky mechanism is dominant. Apart from Tafel slope values, 
Supplementary Table 3 collects a summary of the most important electrochemical parameters, 
including the exchange current density49-51, enabling a complete performance evaluation of the 
electrocatalyst activity of our catalyst in the HER. 
An ideal catalyst is expected to have a low onset potential near to the standard hydrogen 
reduction potential (0 VRHE) combined with a small Tafel slope, but a large exchange current 
density value.11 However, some catalysts can exhibit simultaneously a small Tafel slope with a 
small exchange current density or a high Tafel slope with a high exchange current density. From 
the Tafel plots, we obtained the highest exchange current density for Pt/C with a value of 0.983 
mA/cm2geo that is in agreement with the values reported in the literature.13,52-53 The current 
density for Pt/C was nearly 3 times higher than that observed for PdNP@GNF and nearly 17 
times larger than that of Pd/C, (Supplementary Table 3). Despite exhibiting slow HER 
kinetics, PdNP@GNF has a small onset potential and relatively high current density values 
compared to Pd/C that can be attributed to the highly conductive nature of the graphitic GNF. 
Thus, PdNP confined in GNF appear to have an electrochemical behaviour closer to that 
observed for Pt than Pd on amorphous carbon in conventional electrocatalysts.  
 
Stability of PdNP@GNF in the HER over 30000 cycles 
Long-term stability is a key factor in determining the practical effectiveness of any 
electrocatalyst. Here, the stability of PdNP@GNF after 5000 potential cycles was initially 
probed by continuous applying linear potential sweeps between 0.4 and -0.2 V vs the RHE at 


















after 5000 HER cycles PdNP@GNF exhibited a remarkable catalytic activity improvement 
with a reduction of the onset potential and a Tafel slope values of more than 3 that is in stark 
contrast to the negligible change in the onset potential and Tafel slopes values observed for 
Pd/C and Pt/Cafter potential cycling experiments (Figure 3). Moreover, the largest exchange 
current density was obtained for PdNP@GNF having increased from 0.276 to 0.386 mA/cm2geo 
during the durability test. In contrast, the exchange current density of Pt/C decreased from 0.983 
to 0.880 mA/cm2geo, whilst Pd/C was slightly improved from 0.058 to 0.069 mA/cm2geo, a value 
still significantly lower than those obtained for either PdNP@GNF or Pt/C. Moreover, the 
change on potential value required to obtain a current density of -10 mA/cm2 was consistent 
with other parameters following the trend PdNP@GNF |128 mV| >Pt/C |19 mV| > Pd/C |9 mV|, 
which represents a remarkable improvement in the activity of the catalytic centres in 
PdNP@GNF from the initial state (Supplementary Table 3). These results not only 
demonstrate the excellent stability of the PdNP@GNF, but also reveal the unexpected ability 
of this material to improve its electrocatalytic activity during the HER cycles, in contrast with 
conventional Pd/C and Pt/C catalyst whose performances either did not change or decreased 
over time.  
To further understand the observed electrocatalytic performance enhancement in the HER, the 
structure of PdNP@GNF before and after the cycling potential was methodically analysed by 
HRTEM at the single-particle level and compared with the commercial electrocatalyst (Pd/C 
and Pt/C) after 5000 cycles (Supplementary Figure 3 and Supplementary Figure 5). Analysis 
revealed that PdNP adsorbed on the atomically flat external surface of the GNF appear to 
migrate and grow during potential cycling, in contrast PdNP anchored to the corrugated interior 
of the GNF remain in the same location with the graphitic step-edges appearing to prevent 
nanoparticle migration (Figure 3e). Statistical analysis of the particle size distribution (obtained 


















measurably change in size after 5000 cycles of the HER, however, PdNP adsorbed on the 
smooth external surface of the GNF undergo a significant increase in size (7.94 ± 5.1 nm) under 
the same conditions (Supplementary Figure 4). A similarly significant nanoparticle growth 
was observed in Pt/C (6.47 ± 5.2 nm) and Pd/C (8.63 ± 5.3 nm) after 5000 cycles, which 
correlates with the observed decrease in their electrochemical performance (Supplementary 
Figure 5) and further emphasises the importance of the graphitic step-edges for stabilisation of 
catalytic metal centres. 
Encouraged by the initial HER cycling tests, the electrochemical performance of PdNP@GNF 
was tested over a larger number of cycles, up to 30000 cycles, and compared with that of the 
Pt/C electrocatalyst benchmark after 5000 and 30000 cycles under the same conditions (Figure 
3c-d and Figure 4). It is worth noting that accelerated durability tests were carried out using a 
carbon counter electrode, which rule out Pt dissolution-redeposition effects54-56 on the observe 
electrochemical performance. It is remarkable that as the number of HER cycles increases, the 
performance of the PdNP@GNF catalyst continues to improve, overtaking Pt/C after about 
15000 cycles (Table 1 and Figure 4c). The onset potentials and the Tafel slopes of 
PdNP@GNF with cycling reached the smallest values after 30000 cycles (-5 mV and 50 mV 
/dec, respectively), while the exchange current density reached the largest value (0.887 
mA/cm2geo). As shown in Figure 3c, the performance of PdNP@GNF exhibits a remarkable 
increasing HER activity with a large change in the overpotential value required to achieve a 
current density of -10 mA/cm2 from 221 mV to 50 mV after 30000 cycles of more than 171 
mV. At higher current densities (>½-10 mA/cm2½) HER polarization curves show a diffusion 
current limitation due to both the insufficient mass transport of the produced H2 from the 
catalyst electrode to the bulk electrolyte and the fact that PdNP catalyst is confined in GNF. 
The former contribution can be minimized under rotation (Supplementary Figure 6), while 


















increase on activity is accompanied with a large decrease in charge transfer resistance 
(Supplementary Figure 7). PdNP@GNF exhibited also a similar increase on the HER activity 
using H2SO4 instead of HClO4 as the electrolyte and under higher concentrations 
(Supplementary Figure 8).  
Table 1 | Changes in the onset potential, overpotential, Tafel slopes and exchange current 
density values in the HER measurements for PdNP@GNF with the number of potential cycles 
using a carbon counter electrode.  
 
The dynamics observed for Pt/C is opposite to that of PdNP@GNF as the performance of the 
former significantly decreased with increasing numbers of cycles. Although the Tafel slope 
does not change for Pt/C, suggesting that the reaction mechanism remains unchanged, the initial 
onset potential (0 mV) shifted to -17 mV and the overpotential required to achieve a current 
density of -10 mA/cm2 significantly increased from 47 mV (initial value) to 96 mV after 30000 
cycles (Figure 4 and Supplementary Table 3). Furthermore, a sharp decrease was observed 
in the exchange current density for Pt/C from an initial value of 0.983 mA/cm2geo to 0.239 
mA/cm2geo after the 30000 cycles (Supplementary Table 3).  
The potential cycling experiments up to 30000 cycles clearly reveal the remarkable ability of 
the PdNP@GNF electrocatalyst to improve its performance during cycling by a factor of three 











Initial -56 221 140.8 0.276 
5000  -17 93 80.9 0.386 
10000 -8 87 72.5 0.866 


















degrade with usage. Interestingly, the significant increase observed for the exchange current 
density of PdNP@GNF after 5000 cycles matches with the one observed for empty GNF. It is 
also worth noting that the overpotential value required to achieve a current density of -10 
mA/cm2 after 30000 potential cycles for the PdNP@GNF (50 mV) is much lower than the one 
observed for the Pt/C (96 mV). The improvement of HER performance during cycling is also 
accompanied with an increase on the electrochemical surface area (ECSA), as well as, on the 
mass activity and the specific activity, and a large decrease in resistance that is observed for 
our material in contrast to the benchmarks (Supplementary Tables 4-6 and Supplementary 
Figures 9-12). Surprisingly, after several thousand cycles the electrocatalytic characteristics of 
confined palladium (PdNP@GNF) in the HER surpass those of platinum in Pt/C, with 
PdNP@GNF after 30000 cycles exhibiting a better performance than any Pd electrocatalyst 
reported previously (Supplementary Table 7).  
Both, PdNP@GNF and Pt/C were analysed by HRTEM after 30000 cycles. As shown in Figure 
3e-f, the PdNP at the step-edges of GNF are very stable and do not change size significantly 
(dNP = 5.2 ± 1.7 nm), even after 30000 cycles. In contrast, most of the PdNP adsorbed on the 
GNF external surfaces appear to agglomerate (dNP = 7.6 ± 3.6 nm) or desorb from the surface 
during cycling (Figure 3g). In stark contrast, HRTEM images of Pt/C after 30000 cycles clearly 
show extensive growth of the adsorbed PtNP (Supplementary Figure 13) that can be attributed 
to being a result of degradation of the carbon support during the potential cycling 
(Supplementary Figure 14). PdNP@GNF was carefully analysed after 30000 HER potential 
cycles via EDX using scanning transmission microscopy (STEM) (Supplementary Figure 15) 
showing clearly the location of PdNP. A close inspection of the PdNP adsorbed on the GNF 
interiors shows that now the step-edges appear to be unfolded and hardwired to the PdNP 
(Figure 3f). All these combined observations suggest that the increasing activity with cycling 


















seems to be occurring at the folded step-edges of the GNF triggered by potential cycling. 
 
Figure 4 | Benchmarking the electrocatalytic performance of PdNP@GNF after stability 
tests. (a) HER polarization curves and (b) Tafel plots for Pt/C and PdNP@GNF electrocatalyst 
materials before and after 5000 and 30000 potential cycles using a carbon counter electrode. 
(c) Comparison of the change on the exchange current densities values of PdNP@GNF, GNF, 
Pt/C and Pd/C with potential cycling highlighting an increasing trend of the PdNP@GNF HER 
activity. 
 
The role of the graphitic step-edges during HER potential cycling. 
In order to ascertain the contribution of the GNF support in the electrochemical performance of 
PdNP@GNF, we investigated the HER activity of empty GNF before and after cycling. The 
initial HER polarization curves of GNF indicated an onset potential of -320 mV and a potential 


















Table 3). A Tafel slope of 143.5 mV/dec was observed, corresponding to the Volmer-
Heyrowsky mechanism where the Volmer step is the rate-determining step. Furthermore, a 
small exchange current density for GNF before cycling is observed (0.004 mA/cm2geo), which is 
nearly 60 times lower than that of the initial PdNP@GNF material and 10 times lower than 
Pd/C (Supplementary Table 3). The Tafel slopes of GNF before and after 5000 cycles were 
143.5 and 71.1 mV/dec, respectively, and a significant increase of the exchange current density 
is clearly observed (0.208 mA/cm2geo), which was 44 times higher than the initial value (Figure 
5).  
It has been hypothesised that the significant improvement in the HER activity of GNF with 
cycling can only be due to the presence of catalytically active sites containing edge carbon 
atoms and residual oxygen functional groups promoting electron transfer.47-48, 57-60  To unravel 
the atomistic mechanism underpinning this process, GNF were carefully investigated by 
HRTEM after 5000 cycles revealing the unexpected opening of the folded graphitic step-edges 
that have undergone transformation during potential cycling (Figure 5c-d). To ascertain the 
activity enhancement observed to the opening of the step-edges, GNF were annealed at 600 °C 
for 5 hours in air to selectively open the step-edges as HRTEM imaging demonstrates 
(Supplementary Figure 16) and tested on the HER exhibiting a significant enhancement with 




















Figure 5 | Electrochemical and structural characterisation of the graphitic step-edges in 
GNF after HER potential cycling. (a) HER polarization curves and (b) Tafel plots for empty 
GNF and the PdNP@GNF electrocatalyst before and after stability tests and annealed GNF 
with open step-edges using carbon as the counter electrode. (c-d) HRTEM images of empty 
GNF after 5000 cycles of the HER stability test. In (c-d) the opened step-edges are circled in 
yellow. (e) EDX of GNF after ball milling, inset region in the enlarged red rectangle shows the 



















The edges of the flat graphene sheets require terminating atoms, which under the HER 
conditions are likely to be hydrogen atoms. This is in agreement with the hydrogenation process 
reported through the exposure of graphene to molecular hydrogen gas in the presence of an 
electric field. 61 
Here, we propose that carbon-carbon bonds in the curved surface of the step-edge react with 
hydrogen radicals (H+ + e-) in the Volmer step (equation 1) to form a series of C-H bonds along 
the zigzag direction of the carbon sheet.62 This transformation results in the conversion of sp2-
hybridised carbons atoms into sp3-hybridised carbons. Further hydrogenation of the step-edge 
is promoted by strain relief of the curved surface upon unzipping of the graphitic step edge by 
C-C bond dissociation along the line of C-H bonds, forming two planar graphitic layers with 
dangling carbon bonds that in the reaction conditions give rise to the graphitic layers with 
hydrogen-terminated edges (Supplementary Figure 17). 
All this implies that the observed improvement in the activity of the PdNP@GNF during 
cycling experiments must result in large part from changes in the GNF carbon support. When 
PdNP are adsorbed at the step-edges, they not only provide an active binding site for hydrogen 
ions to produce molecular hydrogen, but may also act as a catalyst to lower the energy barrier 
for the hydrogenation and rupturing processes at the step-edge. Knowing the high affinity of 
palladium for carbon, PdNP can bind to a step-edge either via strong hybridisation between the 
Pd d-orbitals and the carbon π orbitals forming a π-bond,63 or direct bonding with the dangling 
carbon atoms of the open step-edge via Pd-C s-bonds.64-67 It is proposed that initially the 
majority of the PdNP are connected to the step-edges via π-bonds but over time, as 
hydrogenation progresses and more C-H bonds are created, stronger s-bonds (C-Pd-H) are 
formed promoting the C–H activation, which is in agreement with HRTEM observations of 


















effective hardwiring of palladium atoms into the carbon lattice of the GNF, resulting in 
improved charge mobility from the macroscopic electrode, through the GNF to the PdNP, and 
thus, HER activity increasing steadily over the number of cycles. This is also in agreement with 
the current increase observed for PdNP@GNF when cycling in the hydrogen desorption region 
(0-0.2 V) (Supplementary Figure 18).  
 
 
Figure 6 | Proposed mechanism of the electrochemical transformation during the HER at 
the folded step-edges triggered by potential cycling. (a) Schematic representation of (left) a 
Pd nanoparticle (blue) attached to a closed step-edge of a GNF (dark grey) and (right) a Pd 
nanoparticle wired to an opened step-edge of a GNF. (b) Reaction scheme of the unzipping 
process of a closed step-edge as a result of hydrogenation in the presence of palladium clusters 
that leads to the formation of covalent s-bonds between Pd atoms (blue) at the surface of the 
NP and edge C-atoms (grey) of the planar graphitic sheets. Hydrogen atoms are shown in 
orange. Note that the brackets indicate the intermediate structures and the asterisk the adjacent 
position of the hydrogenated sp3 carbons. 
 
Stability studies at constant potential: chronoamperometry experiments. 
To assess whether the observed trend on the HER electrochemical performance of our 
PdNP@GNF electrode material applies also for constant potential experiments, we carried out 


















PdNP@GNF and compare with Pt/C and Pd/C benchmarks in the same conditions 
(Supplementary Figure 19-20). As shown in Figure 7a, our electrocatalyst material shows a 
remarkable performance for the HER under an applied potential of -0.2 V vs RHE that is very 
similar to that observed for Pt/C benchmark and far better than that observed for Pd/C. 
Complementary electrochemical and structural characterisation measurements before and after 
the 24 hours chronoamperometry experiment of the PdNP@GNF electrode (Figure 7b-f) 
indicate that the observed increase on the HER activity is concomitant with the opening of the 
step-edges and a decrease of the resistance, as shown by TEM and impedance measurements, 
respectively. XPS and EDX measurements show no changes in the composition or nature of the 
PdNP in the PdNP@GNF electrode (Supplementary Figure 21). The small change in the 
average nanoparticle size of the confined PdNP observed after 24 hours chronoamperometry 
(from 4.37±1.03 (initial) to 5.10 ±1.48 nm) is similar to that observed after stability studies 
done by potential cycling (5.2 ± 1.7 nm after 30000 cycles). All these combine measurements 






















Figure 7 | Stability studies at constant potential. (a) 24 hours chronoamperometry (CA) 
experiments for PdNP@GNF electrocatalyst material and the benchmarks (Pt/C and Pd/C) 
applying a constant voltage of -0.2V vs. RHE. The inset figure shows the linear sweep 
voltammograms of each material after CA. (b) HER polarization curves of PdNP@GNF before 
and after the CA experiment, showing a remarkable HER performance even after 24h similar 
to that observed for Pt/C. (c) Impedance measurements of PdNP@GNF before and after CA. 
(d) EDX analysis of the sample after CA confirming the presence of palladium with a peak at 
























carbon film coated copper grid for the measurements). (e) XPS survey spectra of PdNP@GNF 
before and after CA shows the presence of Pd3d and F1s after the measurement due to the Nafion 
solution used to make the electrode. (f) HRTEM of a PdNP@GNF nanohybrid. Figure insets 
show different magnifications of the sample where opened step edges and confined Pd 
nanoparticles (with an average NP size of 5.10 ± 1.48 nm) can be seen. 
 
3. CONCLUSIONS 
While the performance of most catalysts degrades over time, in this study we present a catalytic 
nanoreactor PdNP@GNF which exhibits the opposite trend, improving it performance during 
the reaction. Over 30000 cycles of the hydrogen evolution reaction, the activity of palladium 
nanoparticles confined within the carbon nanoreactor continually increases, surpassing other 
palladium catalysts and matching that of platinum. The nanoscale confinement of nanoparticles 
at the graphitic step-edges in carbon nanoreactors was found to play a crucial role in the self-
improving electrocatalyst. Detailed HRTEM imaging reveals important structural changes at 
the nanoscale in the hybrid electrocatalyst PdNP@GNF taking place under accelerated stability 
tests and unravels the orchestrated series of reactions occurring at the step-edges within 
nanoreactors. During both electrochemical cycling and chronoamperometry (holding at 
constant potential), carbon bonds unzip to form flat graphene layers that enable highly effective 
bonding of Pd atoms to the opened step-edges, allowing more efficient electron transfer from 
the GNF to the metal. This unique, superior durability and catalytic activity of PdNP@GNF, 
increasing over 30000 HER potential cycles, leads to the most effective Pd-electrocatalyst for 
HER reported to date. Detailed, atomic level structural analysis and carefully designed control 
experiments allowed us to assign the unique electrocatalytic behaviour of PdNP@GNF to 
location specific interactions between the PdNP and the graphitic step-edges induced by either 
electrocatalytic cycling or chronoamperometry, resulting in hardwiring of the PdNP into the 
graphitic lattice. We demonstrate that the utilisation of catalytically active nanoparticles inside 


















and durability of electrocatalysts. In summary, these materials have the potential to offer a 
sustainable use of precious metals in hydrogen generation and related electrochemical 
processes, key targets, if we are to address the global economic and social need for advancement 
of zero-emission technologies. 
4. METHODS 
GNF were purchased from Pyrograf Products Inc. Nafion® (5% solution in a mixture of lower 
aliphatic alcohols and water) and all other reagents and solvents were purchased from Sigma-
Aldrich (UK) and used without further purification. Pt/C (20 wt%) and Pd/C commercial 
catalysts were supplied by Johnson Matthey and Alfa Aesar, respectively. Ultra-pure water 
purified with Millipore Advantage A10 water equipment (resistivity 18.2 MΩ cm at 25 °C) was 
used in all experiments. HRTEM analysis was performed on a JEOL 2100 Field emission gun 
microscope with an information limit of 0.12 nm at 200 kV and a JEOL JEM F200 microscope 
equipped with a cold field-emission gun (Cold-FEG) operated at 200 kV with an ultrahigh- 
resolution pole piece. TEM images were acquired using a Gatan OneView camera. Energy 
Dispersive X-ray Spectroscopy (EDX) was performed with a Centurio Large Angle Silicon 
Drift Detector (SDD) that collects X-rays from a detection area of 100 mm2. Samples for 
HRTEM analysis were prepared by dispersing the materials in HPLC grade iso-propanol using 
ultrasonication, then drop casting the resultant suspension onto a lacey carbon film coated 
copper grid. Microwave acid digestion of the sample was carried out before ICP-OES analysis. 
TGA analysis was performed on a TA Instruments TGA-SDTQ600 analyser using an inert 
atmosphere up to 1000 °C with a heating rate of 10 °C/min. The powder X-ray diffraction 
patterns were obtained using a PANanalytical X’Pert PRO diffractometer equipped with a Cu-
Kα radiation source (l = 1.5418 Å) operating at 40 kV and 40 mA, with a 0.05252° step size 
and a 5925.18 second step time. XPS measurements were carried out using a Kratos AXIS 


















mA emission current and 12 kV anode potential (120 W). The electrochemical experiments 
were performed in 0.1 M HClO4 using a three-electrode set-up and an Autolab potentiostat 
PGSTAT204 with a glassy carbon electrode (GCE), a Hydrogen Electrode (RHE) and a carbon 
rod as working, reference and counter electrode, respectively. For chronoamperometry 
experiments, a smaller-volume three-electrode set-up cell using Ag/AgCl reference electrode, 
carbon rod as counter electrode and a glassy carbon working electrode were employed. The 
current during chronoamperometry and LSV before and after the experiment were measured 
using a high voltage power supply. The GCE was cleaned by polishing with 0.05 µm principal 
particle size alumina powder solution (Agar Scientific Ltd.). 
Shortening GNF via ball milling 
GNF (50 mg) as received, with a length of ~15 ± 12 μm,68 were mechanically ground in an 
ambient atmosphere using a Retsch MM 400 ball mill instrument (10 Hz for 1.5 hours), 
containing a steel ball with a diameter of 10 mm. 
Preparation of PdNP@GNF   
Shortened GNF (15 mg) were dispersed in CHCl3 (40 mL) under sonication for 10 minutes. A 
solution of Pd2dba3CHCl3 (11.2 mg) in CHCl3 (20 mL) was then slowly added to the GNF 
dispersion in small portions (0.5 mL) whilst being treated with ultrasonic waves. Mixture was 
further sonicated for 10 min. It was then stirred at 40 ° C for 1 day until the supernatant solution 
became colourless. The PdNP@GNF was then separated from the reaction mixture by filtration 
and washed repeatedly with acetone (20 mL) using a 0.2 µm PTFE membrane filter to remove 
the free dba and obtain the final PdNP@GNF material as a black powder. 
Supplementary Information 
Supplementary Information is available from Wiley Online Library. Further details of the 


















using carbon rod as CE. Additional tables and figures showing TGA measurements, HRTEM 
images and particle size distributions for PdNP@GNF, Pd/C, and Pt/C, XPS data for GNF and 
PdNP@GNF and further electrochemical measurements, and analysis of the performances of 
PdNP@GNF, the standards (Pd/C, Pt/C) and GNF before and after potential cycling, including 
STEM-EDX elemental mapping of PdNP@GNF after 30000 potential cycles. 
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